Rationale: Previous studies modulating pharyngeal muscle activity with pharmacologic approaches have targeted membrane receptors on pharyngeal motoneurons. Whether modulation of intracellular pathways can increase pharyngeal muscle activity, however, has not been investigated but is relevant to pharmacologic treatments of obstructive sleep apnea. Objectives: To determine if modulating the second messenger cyclic adenosine-3-5-monophosphate (cAMP) at the hypoglossal motor nucleus (HMN) will increase genioglossus activity across sleepwake states. Methods: Forty-eight rats were implanted with electroencephalogram and neck electrodes to record sleep-wake states and genioglossus and diaphragm electrodes for respiratory muscle recordings. Microdialysis probes were inserted into the HMN to perfuse artificial cerebrospinal fluid and (1 ) 
lar levels of cAMP and protein kinase A (PKA) activity, whereas inhibitory GPCRs suppress adenylyl cyclase activity. Raising levels of intracellular cAMP increases the likelihood of neuronal excitation in a variety of model systems (4) (5) (6) (7) (8) but few studies have been performed at respiratory neurons and none at respiratory motoneurons in vivo. Studies using slices of neonatal brainstem showed that activation of the cAMP-PKA pathway increased hypoglossal motoneuron and respiratory neuron activities in vitro (9) (10) (11) . In anesthetized animals in vivo, increasing cAMP-PKA activity increased activity of medullary respiratory neurons (12, 13) . However, the effects of focally manipulating cAMP at a defined respiratory motoneuron pool on motor outflow to respiratory muscle have not been determined in freely behaving animals in vivo. Moreover, whether such motor responses to manipulation of intracellular signal-transduction mechanisms, normally studied in reduced preparations in vitro, are modulated by the prevailing sleep-wake states in vivo is unknown.
This study tests the hypothesis that activation of cAMP at the hypoglossal motor nucleus (HMN), the source of motor outflow to the genioglossus (GG) muscle of the tongue, will increase GG activity in wakefulness, non-REM sleep, and REM sleep. The GG muscle was studied because, in conjunction with other pharyngeal muscles (14) , it helps maintain an open airway for effective breathing and prevent obstructive sleep apnea (OSA) (15) , a common and serious sleep-related respiratory disorder affecting approximately 4% of adults (16, 17) . Previous studies modulating pharyngeal muscle activity across natural sleep-wake states have targeted membrane receptors on pharyngeal motoneurons via local application of neurotransmitters (18) (19) (20) or systemic drug administration-for example, selective serotonin reuptake inhibitors in humans (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Many of these interventions manipulate extracellular levels of neurotransmitters that act via GPCRs on pharyngeal motoneurons. However, none of these interventions have shown clinically significant beneficial effects, especially in REM sleep where OSA typically persists. Whether modulation of intracellular signaling molecules can increase pharyngeal muscle activity, however, has not been investigated but is potentially relevant to pharmacologic treatments of OSA as it may allow for sustained pharyngeal motoneuron activation despite changes in extracellular neurotransmitters across sleep-wake states.
METHODS
The methods are described in more detail in the online supplement. Experiments were performed on 48 male Wistar rats (mean body weight ϭ 271 g, range ϭ 251-315 g). Procedures conformed to the recommendations of the Canadian Council on Animal Care, and the University of Toronto Animal Care Committee approved the experimental protocols.
Anesthesia and Surgical Procedures
Sterile surgery was performed under general anesthesia for the chronic implantation of EEG and neck EMG electrodes for determination of sleep-wake states, and GG and diaphragm electrodes for respiratorymuscle recordings (18-20, 31, 32) . Tests for the accurate placement of the GG electrodes and their function throughout the experiments are described in the online supplement. During surgery, microdialysis guides were targeted 3 mm above the HMN (18) (19) (20) 31) . The rats recovered for an average of 6.8 d (range ϭ 5-8 d) before the studies.
Protocol
On the day of the studies, the microdialysis probes were inserted into the HMN and flushed with artificial cerebrospinal fluid (ACSF) at a flow rate of 2.1 l/min. In the first set of experiments in nine rats, a watersoluble derivative of forskolin (7-deacetylforskolin-7-hemisuccinate, 500 M) was also applied to the HMN. Forskolin is an adenylyl cyclase activator that stimulates production of intracellular cAMP (11, 13, (33) (34) (35) . In a second set of experiments in nine rats, increases in cAMP were produced by addition of a cAMP analog to the HMN (cAMP sodium salt, 500 M). In a third set of experiments in nine rats, the nonspecific cyclic nucleotide phosphodiesterase (PDE) inhibitor isobutyl methylxanthine (IBMX; 300 M) was applied to the HMN to prevent the breakdown of endogenous cAMP.
At the end of each individual experiment, 10 mM 5-hydroxytryptamine (serotonin, or 5-HT) was applied to the HMN as a positive control to confirm that it was still functional and able to respond to manipulation of neurotransmission (18) (19) (20) . For reasons described in Results, additional experiments were conducted after IBMX perfusion using the glutamate receptor agonist (S)-2-amino-3-(3-hydroxy-5-phenyl-4-isoxazolyl) propionic acid (AMPA; 100 M, n ϭ 11 rats) and the ␣ 1 -adrenergic receptor agonist phenylephrine (100 M, n ϭ 8 rats). Furthermore, because IBMX is a nonspecific PDE inhibitor and prevents the breakdown of both endogenous cAMP and cyclic guanosine-3',5'-cyclic monophosphate (cGMP), a final set of experiments was conducted to test the influence of the cGMP analog, 8-bromoguanosine-3Ј,5Ј-cyclic monophosphate (8-Br-cGMP; 500 M, n ϭ 4 rats), on GG activity and the responses to 5-HT, phenylephrine, and AMPA at the HMN. After each experiment the rats were reanesthetized and tests for GG electrode function were performed before the microdialysis sites were confirmed by histology.
Data Analysis
Sleep-wake states and respiratory-muscle activities were analyzed as previously described (19, 20, 31, 32) and detailed in the online supplement. GG activity was quantified as mean tonic activity, respiratoryrelated activity, and the overall geometric mean (i.e., the mean of all sampled data points constituting the GG signal including the tonic and respiratory-related components). Statistics were performed using analysis of variance with repeated measures (ANOVA-RM) and post hoc t tests were performed using Bonferroni corrected p values. All data are expressed as mean Ϯ SEM. Figure 1A shows a lesion site made by a microdialysis probe in the HMN in one rat. Figure 1 also shows the distribution of individual microdialysis sites from all rats that were administered forskolin ( Figure 1B ; n ϭ 9 rats), the cAMP analog ( Figure 1C ; n ϭ 9 rats), and IBMX ( Figure 1D ; n ϭ 9 rats). Microdialysis probes were successfully implanted into, or immediately adjacent to, the HMN in all animals. In each rat tongue, movement was observed in response to electrical stimulation of the GG electrodes both at the time of surgery and after the experiments, showing that these electrodes were in place throughout the study.
RESULTS

Location of Microdialysis Probes
Responses to Forskolin at the HMN
Periods of wakefulness, non-REM sleep, and REM sleep were analyzed in all nine animals with the exception of REM sleep in one rat that did not have REM sleep in the presence of forskolin. Figure 2 shows an example of GG responses to microdialysis perfusion of forskolin into the HMN. Compared to ACSF controls, forskolin produced robust increases in respiratory-related and tonic GG activities in wakefulness and non-REM sleep. However, forskolin was unable to overcome the strong suppression of hypoglossal motor output to GG muscle in REM sleep and GG activity was similar to that during ACSF. Brief GG twitches in REM sleep occurred with both ACSF and forskolin. Such twitches, typical of REM sleep, have been observed previously in rats (18) (19) (20) as well as in other species (36) and are thought to be responsible for the periodic restorations of airflow during obstructive apneas in humans (37) .
The grouped data in Figure 3A show that forskolin at the HMN increased respiratory-related GG activity compared with that of ACSF controls. Statistical analysis established that there was a significant effect of forskolin on GG activity (F 1,8 ϭ 6.95, p ϭ 0.030, ANOVA-RM) with increased activity compared with ACSF (t 8 ϭ 2.62, p ϭ 0.031, post hoc t test). Nevertheless, the effect of forskolin on GG activity was dependent on the prevailing sleep-wake states (F 2,15 ϭ 4.051, p ϭ 0.039, ANOVA-RM). Post hoc analyses confirmed that forskolin increased respiratoryrelated GG activity during wakefulness (t 8 ϭ 3.43, p ϭ 0.004, post hoc t test) and non-REM sleep (t 8 ϭ 2.58, p ϭ 0.022) but not during REM sleep (t 7 ϭ 0.73, p ϭ 0.478). Figure 3B illustrates that forskolin at the HMN also increased tonic GG activity (F 1,8 ϭ 9.46, p ϭ 0.015, ANOVA-RM) compared with ACSF (t 8 ϭ 3.05, p ϭ 0.016). The effect of forskolin on tonic GG activity depended on sleep-wake state (F 2,15 ϭ 8.12, p ϭ 0.004, ANOVA-RM) with increased tonic activity in wakefulness (t 8 ϭ 4.11, p ϭ 0.002) and non-REM sleep (t 8 ϭ 3.17, p ϭ 0.009) but not during REM sleep (t 7 ϭ 1.07, p ϭ 0.305).
The latency to an increase in GG activity after a switch to forskolin was 16.5 Ϯ 2.1 min. Once activated, GG activity remained elevated for as long as forskolin was applied (range ϭ 110 to 350 min in the different experiments, mean ϭ 245 Ϯ 27 min) and returned to baseline levels approximately 1 h after a switch back to ACSF (range ϭ 55 to 85 min, mean ϭ 73 Ϯ 3 min). At this time, responses to 5-HT, a known excitatory neurotransmitter at the HMN (18, 20, 38) , were tested (see Stimulation of the HMN with Serotonin).
Responses to forskolin at the HMN were specific to the GG muscle as there were no statistically significant effects on respiratory rate ( 
Responses to the cAMP Analog at the HMN
Periods of wakefulness, non-REM sleep, and REM sleep were analyzed in all nine animals with the exception of REM sleep for one rat that did not have REM sleep in the presence of the cAMP analog. The grouped data in Figure 3C shows that administration of the cAMP analog to the HMN increased respiratoryrelated GG activity compared with that of ACSF controls. There was a significant effect of the cAMP analog on GG activity (F 1,8 ϭ 9.90, p ϭ 0.013, ANOVA-RM), with increased activity compared with ACSF (t 8 ϭ 3.13, p ϭ 0.014, post hoc t test). The effects of the cAMP analog on GG activity, however, were dependent on the prevailing sleep-wake state (F 2,15 ϭ 4.06, p ϭ 0.039, ANOVA-RM), with increased respiratory-related activity during wakefulness (t 8 ϭ 2.66, p ϭ 0.015) and non-REM sleep (t 8 ϭ 3.85, p Ͻ 0.001) but not REM sleep (t 7 ϭ 1.92, P ϭ 0.850). Figure 3D also illustrates that the effect of the cAMP analog on tonic GG activity was dependent on sleep-wake state (F 2,15 ϭ 3.87, p ϭ 0.044, ANOVA-RM) with increased tonic GG activity during non-REM sleep (t 8 ϭ 3.43, p ϭ 0.003) but not during wakefulness (t 8 ϭ 1.62, p ϭ 0.121) or REM sleep (t 7 ϭ 0.164, p ϭ 0.871).
The latency to an increase in GG activity with the cAMP analog was 12.2 Ϯ 1.0 min. However, unlike responses to forskolin in which GG activity remained elevated for as long as forskolin was applied (mean ϭ 245 Ϯ 27 min), GG activity with the cAMP analog remained elevated for approximately 2 h (mean ϭ 142 Ϯ 12 min, range ϭ 102 to 155 min) after which time GG activity declined, but still remained elevated compared with ACSF. This difference in duration of response with forskolin and the cAMP analog was statistically significant (t 16 ϭ 3.44, p ϭ 0.003, unpaired t test). After a switch back to ACSF, GG muscle activity returned to baseline levels after approximately 1 h (range ϭ 45 to 85 min, mean ϭ 56 Ϯ 4 min) at which time responses to application of 5-HT were tested (see below).
Responses to application of the cAMP analog to the HMN were specific to the GG muscle as there were no effects on respiratory rate ( An example in one rat showing genioglossus (GG) muscle activation in response to forskolin at the HMN in wakefulness and non-REM sleep but not REM sleep. Apart from the changes in GG activity in response to forskolin, there were no changes in other physiological variables or any obvious behavioral responses. The GG and diaphragm (DIA) signals are displayed as their moving-time averages in arbitrary units. The integrator baseline (i.e., electrical zero) is shown for the GG and DIA signals. The arrow on the DIA and GG calibration bars denotes the direction of activation during inspiration. Note that during wakefulness, as indicated by low-voltage and fast-frequency EEG activity and relatively high levels of postural muscle tone in the neck, there are increases in both tonic and respiratoryrelated GG activity in response to forskolin at the HMN. In non-REM sleep, as judged by higher voltage and slower frequency EEG activity with reduced neck EMG tone, forskolin also increased both tonic and respiratory-related GG activity compared with that of artificial cerebrospinal fluid (ACSF) controls. However, in the presence of REM sleep as indicated by a reversion to low-voltage and fast-frequency EEG activity but with minimal neck muscle tone, GG activity is also minimal except for brief muscle twitches typical of REM sleep, but there is no activation response to forskolin at the HMN. AU ϭ arbitrary units; MTA ϭ moving-time average. 
Stimulation of the HMN with Serotonin
For each rat in each experiment (i.e., forskolin, cAMP analog, and IBMX treatments) 10 mM serotonin was applied to the HMN after a switch back to ACSF to confirm an intact HMN that was able to respond to manipulation of neurotransmission (18) (19) (20) . Mean GG activity, rather than tonic or respiratoryrelated activity, was used to quantify these effects because the aim was simply to determine if GG activity increased with 5-HT at the HMN. We have previously shown that 5-HT at the HMN mainly increases tonic GG activity but respiratory-related activity can also increase (18, 39) ; analysis of the mean for these experiments aiming to confirm an intact HMN takes into account both of these possibilities. Figure 4 shows examples of GG responses in non-REM sleep to 5-HT at the HMN. Non-REM sleep was chosen for these comparisons as it is the most stable physiologic state and reliably occurred in all rats at the end of the experiments. In the presence of ACSF after washout of forskolin, 5-HT produced robust increases in GG activity in all rats ( Figure 4A ) with a latency of 6.7 Ϯ 1.0 min, a lag time consistent with previous studies (18, 20) . Similar excitatory responses to 5-HT occurred in each rat after the cAMP analog ( Figure 4B ).
However, in contrast to the forskolin and cAMP experiments in which all animals responded positively to 5-HT, none of the nine animals treated with IBMX showed increased GG activity with 5-HT at the HMN across any sleep-wake state. Figure 4C shows such a response. Group GG responses to 5-HT in the different experiments are shown in Figure 5A ; 5-HT at the HMN significantly increased GG activity after forskolin (t 8 ϭ 9.37, p Ͻ 0.001, paired t test) and the cAMP analog (t 8 ϭ 3.42, p ϭ 0.009) but not IMBX (t 8 ϭ 1.15, p ϭ 0.285).
Although GG activity in the presence of IBMX was unchanged compared with that of ACSF controls across sleepwake states ( Figures 3E-3F) , further interventions were performed to confirm that the HMN was intact and still able to respond to neuromodulation. Given that 5-HT excites hypoglossal motoneurons via metabotropic 5-HT 2 receptors (40, 41), further studies were performed in an additional three rats after IBMX in which 5-HT responses were compared with responses after application of AMPA to the HMN ( Figure 5B) ; AMPA is an agonist for ionotropic non-N-methyl-d-aspartate (non-NMDA) glutamate receptors that excite hypoglossal motoneurons (34, 42) . Figure 5B shows that although these animals were unresponsive to 5-HT following IBMX (t 2 ϭ 0.310, p ϭ 0.786, paired t test), AMPA produced robust increases in GG activity (t 2 ϭ 4.64, p ϭ 0.043; Figure 5B ) with a latency of 12.6 Ϯ 2.1 min. These data suggested that IBMX prevented excitation of hypoglossal motoneurons via effects on metabotropic 5-HT-mediated responses but not those associated with ionotropic mechanisms mediated by AMPA.
To determine whether the IBMX effects were limited to pathways associated with metabotropic 5-HT receptors, additional studies were performed in five rats in which responses to phenylephrine were also compared with AMPA after IBMX ( Figure 5C ). Phenylephrine is an excitatory neurotransmitter at the HMN (43) , and in these experiments phenylephrine increased (A, B) ; the cAMP analog (C, D) ; and IBMX to prevent the breakdown of endogenous cAMP (E, F). Forskolin and the cAMP analog increased GG activities in wakefulness and non-REM sleep but not REM sleep compared to ACSF controls (*p Ͻ 0.05). There was no effect of IBMX on GG activities across sleep-wake states compared to ACSF.
GG activity by 82 Ϯ 10% (t 2 ϭ 7.85, p ϭ 0.016, paired t test, data not shown). After IBMX, however, each animal was also unresponsive to phenylephrine at the HMN (t 4 ϭ 1.62, p ϭ 0.181, paired t test; Figure 5C ), similar to the lack of response to 5-HT after IBMX, whereas AMPA again produced robust activation (t 4 ϭ 2.89, p ϭ 0.045; Figure 5C ). Phenylephrine is an agonist for metabotropic ␣ 1 -adrenergic receptors that converge onto the same intracellular pathways as 5-HT 2 receptors (34, 44) . Accordingly, these data suggested that IBMX, which prevents the breakdown of endogenous cAMP by PDE, abolished excitatory responses associated with these metabotropic receptors while preserving excitatory responses to ionotropic receptor activation.
A remaining concern, however, was that the abolition of responses to both 5-HT and phenylephrine were tested after washout and not in the actual presence of IBMX-that is, following the same protocol as the forskolin and cAMP analog experiments in which this effect on 5-HT responses was first revealed. Although our observations suggested that IBMX was exerting persistent effects even after washout, we could not definitively conclude that under conditions of IBMX-mediated inhibition of PDE the GG muscle was unresponsive to these excitatory neurotransmitters. Accordingly, from an additional series of experiments in three rats, results showed that even in the continued presence of IBMX (i.e., no attempted washout) the GG muscle was unresponsive to both 5-HT and phenylephrine at the HMN (t 2 ϭ 0.676, p ϭ 1.00, post hoc paired t tests after ANOVA-RM) but responses to ionotropic glutamate receptor activation (t 2 ϭ 16.29, p Ͻ 0.001) remained. Grouped data for these experiments are shown in Figure 6A .
A possible mechanism for the selective abolition of responses to 5-HT and phenylephrine after IBMX was increased activation of PKA due to inhibition of PDE. As a result, it is possible that PKA may then have phosphorylated both metabotropic 5-HT 2 and ␣ 1 -adrenergic receptors and caused these receptors to become unresponsive to the applied 5-HT and phenylephrine. To test this possibility, additional experiments were performed in another three rats where 5-HT was applied to the HMN in the continued presence of forskolin (i.e., without washout). Because forskolin is an adenylyl cyclase activator that stimulates production of intracellular cAMP and activates PKA (11, 13, (33) (34) (35) , if PKA activation were the predominant reason for the abolition of responses to 5-HT after IBMX, then similar abolition of responses would be expected in these additional forskolin experiments. However, Figure 7 shows that application of 5-HT in the continued presence of forskolin also led to significant increases in GG activity compared to forskolin alone (t 2 ϭ 11.245, p ϭ 0.008, paired t test) and, as expected, responses to AMPA also persisted. These results, in addition to the observations that IBMX did not mimic the GG-activating effects of forskolin and the cAMP analog (Figure 3 ), supported the concept that the effects of IBMX were mediated by pathways independent of cAMP.
IBMX is a nonspecific inhibitor of PDE that prevents breakdown of both endogenous cAMP and cGMP. Consequently, cGMP may have played a significant role in abolishing the responses to applied 5-HT and phenylephrine at the HMN. To test this possibility, a final set of experiments was performed in four rats to determine whether cGMP at the HMN was involved in the selective abolition of responses to 5-HT and phenylephrine. These studies revealed that in the presence of the cGMP analog, responses to 5-HT and phenylephrine at the HMN were also abolished (t 3 ϭ 0.675, p ϭ 1.00, post hoc paired t tests after ANOVA-RM) but responses to ionotropic glutamate receptor activation with AMPA remained (t 3 ϭ 5.08, p Ͻ 0.001; Figure  6B ). These results are identical to those obtained from the IBMX experiments ( Figures 6A vs. 6B ) and suggested that some of the observed effects of IBMX may be mediated by cGMP pathways.
DISCUSSION
Pharyngeal muscle activity is critical to the maintenance of airway patency in OSA (15) and pharmacologic interventions may prove useful to increase pharyngeal muscle activity in sleep and prevent obstructive apneas (45) (46) (47) . Previous studies in animals and humans aiming to modulate pharyngeal muscle activity in sleep have targeted receptors on pharyngeal motoneurons via manipulation of extracellular neurotransmitters (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (45) (46) (47) . However, recent in vitro experiments show that respiratory motoneuron excitability is dynamically modulated by a variety of intracellular signaling molecules that are amenable to manipulation (9-11, 34, 48) . Modulation of intracellular targets downstream from surface receptors may offer new and alternative approaches to develop pharmacologic strategies for OSA (49) . The present study is the first to examine the effects on respiratorymuscle activity of manipulating intracellular signaling molecules at respiratory motoneurons in freely behaving animals in vivo, the effects of prevailing sleep-wake states on these responses, and the important effects of these manipulations on subsequent responses to locally applied neurotransmitters.
Genioglossus Muscle Responses to Forskolin and the cAMP Analog at the HMN
Microdialysis perfusion of either the adenylyl cyclase activator forskolin or a cAMP analog into the HMN increased tonic and respiratory-related GG muscle activity. This selective GG motor activation, with no significant changes in other physiologic variables such as respiratory rate, diaphragm amplitude, or neck EMG, suggested that responses were localized to the HMN. Although pharyngeal muscle recordings were made only from the GG in this study, it is likely that the interventions also affected other hypoglossal motoneurons, that is, those innervating both extrinsic (protruder and retractor) and intrinsic tongue muscles (50) . Both extrinsic and intrinsic muscles are involved in respiratory control of the upper airway and their coactivation is thought to be beneficial for the maintenance of airway patency (14, 51, 52) . It is not known whether coactivation of these muscles could itself indirectly influence GG activity and contribute to the observed GG responses to the applied drugs. However, it is most likely that the major component of the observed GG responses to interventions at the HMN is due to direct effects because GG motoneurons contain the necessary receptors for the applied agonists (i.e., 5-HT, ␣ 1 and non-NMDA receptors) and responses recorded in vitro to intracellular perfusion of agents to modulate the cAMP-PKA pathway (34, 53) are consistent with those observed in vivo in the present experiments.
Indeed, the observed increase in respiratory-related GG activity is consistent with in vitro experiments showing augmentation of inspiratory drive currents in hypoglossal motoneurons following activation of the cAMP-PKA pathway (9) . The present experiments in intact animals, however, also showed that forskolin and the cAMP analog increased tonic GG activity, a result not observed in previous experiments likely due to the extensive deafferentation accompanying in vitro procedures that removes a significant source of tonic excitatory drives. Any differences between responses observed in neonatal animals in vitro and adult animals in vivo may also be due to the age of the preparations. Increases in tonic GG activity in the intact animal are especially relevant because tonic pharyngeal motor activity results in increased upper airway size and stiffness and promotes airway patency (54, 55) . Nevertheless, in addition to augmentation of inspiratory drive currents in hypoglossal motoneurons after activation of the cAMP-PKA pathway in vitro (9) , it has also been observed that PKA can simultaneously potentiate inspiratory-related inhibition and even neutralize inspiratory activation in some hypoglossal motoneurons (10) . It is unknown if similar augmentation of both inspiratory activation and inhibition occurs at hypoglossal motoneurons in vivo after activation of the cAMP-PKA pathway. However, if both excitatory and inhibitory effects are produced, the results show that the excitatory effects predominate as increased GG activity is observed (Figure 2) , with the balance in favor of excitation also observed in vitro (34) .
The results also showed for the first time in vivo that the robust GG muscle activation produced in response to forskolin and the cAMP analog at the HMN was dependent on the prevailing Figure 7 . Grouped data showing that responses to 5-HT in the presence of forskolin were preserved, and responses to AMPA were, as expected, also preserved. See text for further details. * Significant differences in GG activity compared with forskolin alone.
sleep-wake state. Forskolin increased GG activity in wakefulness and non-REM sleep but not during REM sleep; similar responses were observed with the cAMP analog. This powerful influence of the prevailing sleep-wake state on hypoglossal motor responses to manipulation of cAMP could not have been predicted from previous in vitro experiments. These data highlight that the activation responses produced in respiratory motoneurons by manipulation of intracellular mechanisms under constant conditions in vitro are not intractable but are importantly modulated by ongoing behavioral states in the intact organism in vivo.
Forskolin increased GG activity for as long as it was applied (up to 6 h in the different experiments), whereas responses to the cAMP analog were not as large in magnitude ( Figures 3A  and 3B vs. Figures 3C and 3D) or as long lasting. Although the doses of each applied drug were the same, this difference may relate to the doses not being functionally equivalent-that is, forskolin may have amplified levels of endogenous cAMP (56) sufficient to sustain more of an increase in GG activity compared with the exogenous cAMP analog. Nevertheless, the results showed that forskolin and the cAMP analog both increased GG activity in non-REM sleep to levels exceeding those observed in normal wakefulness with control delivery of ACSF (Figure 3) . These excitatory responses, however, were overcome by the neuronal processes associated with REM sleep, although the transient GG muscle twitches typical of REM (18, 20, 36) remained (Figure 2) .
The neural mechanisms responsible for the periods of GG motor suppression in REM sleep remain to be determined but we have shown that postsynaptic inhibition mediated via glycine and ␥-aminobutyric acid (GABA) and loss of facilitation via 5-HT play only a minor role in intact animals (19, 20, 31) . Nevertheless, although glycine and GABA play only a small but measurable role in mediating GG suppression in REM sleep (19, 20) , it is possible that this suppression effect may be augmented in the presence of PKA (34) due to the aforementioned augmentation of inspiratory inhibition at hypoglossal motoneurons (10) . Accordingly, such a mechanism may explain a component of the suppression of GG activity in REM sleep in the presence of forskolin and the cAMP analog in this study (Figures 2 and  3) . However, a recent study using the carbachol model of REM sleep in anesthetized rats implicates a more important role of loss of facilitation in the suppression of hypoglossal motor activity via withdrawal of noradrenaline (57) , although this needs to be tested in natural sleep. The overall clinical relevance of these observations is that once the distinct mechanisms underlying the control of pharyngeal muscle activity in REM sleep have been identified, the results of the present study suggest that a combination of pharmacologic approaches may be the most effective approach to achieve sustained increases in GG activity across the sleeping period as different neural mechanisms are operative in non-REM and REM sleep.
Genioglossus Muscle Responses to IBMX and cGMP at the HMN
In contrast to the increased GG activity following forskolin and the cAMP analog at the HMN, the nonspecific PDE inhibitor IBMX produced no changes in either respiratory-related or tonic GG activities across sleep-wake states. Although it could be questioned whether an absent GG response to IBMX was due to a dose insufficient to mimic the effects of forskolin or the cAMP analog, preliminary studies showed that higher (500 M and 1 mM) and lower (100 M) doses of IBMX also did not alter GG activity. That reduced breakdown of endogenous cAMP did not produce the same activation response as forskolin or the cAMP analog suggests that endogenous levels of cAMP and adenylyl cyclase activity were likely relatively low in these behaving animals such that inhibiting breakdown of cAMP had little effect on GG activity. This result suggests that, unlike neonatal in vitro preparations (9, 34) , the cAMP-PKA pathway is not constitutively active at the HMN in vivo. Further experiments with a variety of both PDE inhibitors and cAMP-PKA modifying drugs, including agents to block cAMP formation, are necessary to definitely prove this suggestion but these were beyond the scope of the present report. Although IBMX at the HMN did not alter respiratory rate or diaphragm activity, in addition to the absent effects on GG, it was noted that a decrease in neck EMG activity occurred after IBMX compared with ACSF. However, this effect was confined to wakefulness only and did not persist into non-REM or REM sleep, suggesting that it was most likely due to a nonspecific effect associated with less behavioral activity in those wakefulness periods rather than a specific effect of IBMX per se.
However, although not directly affecting GG muscle activity, IBMX did have robust physiological effects as judged by abolition of responses associated with excitatory metabotropic 5-HT and ␣ 1 -adrenergic receptor activation at the HMN. This observation is significant because 5-HT and phenylephrine at the HMN otherwise cause robust excitation of hypoglossal motor activity in this preparation (see Results) and as reported in other studies (18, 41, 43, 53, 58, 59) . However, the abolition of these 5-HT and ␣ 1 -mediated excitatory responses at the HMN were specific as responses coupled to ionotropic non-NMDA glutamate receptor activation remained. Because responses to IBMX did not mimic the effects of forskolin or the cAMP analog, the results suggested that these novel responses to IBMX were mediated by pathways independent of cAMP. Indeed, because IBMX is a nonspecific PDE inhibitor and prevents the breakdown of both endogenous cAMP and cGMP, the selective abolition of responses to 5-HT and phenylephrine after administration of IBMX may have been due to accumulation of cGMP. This suggestion was supported by the additional experiments showing that application of the cGMP analog to the HMN mimicked the effects of IBMX and abolished responses to subsequent application of 5-HT and phenylephrine ( Figure 6 ). Further experiments with more specific PDE inhibitors and cGMP activators will be able to determine if accumulation of cGMP is solely responsible for the selective abolition of responses to 5-HT and ␣ 1 -receptor activation at the HMN.
To our knowledge this is the first report of the interaction between interventions modulating PDE and cGMP and the subsequent abolition of otherwise potent excitatory motoneuron responses to 5-HT and ␣ 1 -receptor stimulation while responses to ionotropic non-NMDA receptor activation remained. Although the cellular and molecular mechanisms underlying this observation remain to be determined and are outside the scope of the present report, additional experiments did suggest that the abolition of these responses to the applied monoamines was not likely due to cAMP-PKA mediated receptor desensitization (60, 61) because application of 5-HT in the presence of forskolin was still able to significantly increase GG activity compared with application of forskolin alone (Figure 7) . Rather, the important implication of the selective abolition of responses to 5-HT and phenylephrine is that, under natural conditions and behaviors in which cGMP would be increased at the HMN, motor activity would be unresponsive to these important excitatory monoaminergic inputs.
Endogenous cGMP is produced via activation of soluble guanylate cyclase by natriuretic peptides and nitric oxide. Both soluble guanylate cyclases and protein kinase G are expressed at the HMN (62, 63) , and preliminary experiments show that application of 8-Br-cGMP, the same cGMP analog as used in the present study, decreases excitability of hypoglossal motoneurons in vitro (64) . There are identified nitrergic projections from the ventromedial reticular formation to hypoglossal motoneurons (65) . Cholinergic neurons of the mesopontine tegmentum (laterodorsal and pedunculopontine tegmental neurons) also express nitric oxide synthase (66, 67) and these neurons are importantly involved in sleep-wake regulation, especially the generation of REM sleep. Pedunculopontine tegmental neurons project to the HMN (68-71) where muscarinic receptor stimulation suppresses GG activity (72) . It remains to be determined if the abolition of GG responses to local application of 5-HT to the HMN in REM sleep (18) , and phenylephrine (unpublished data), is due to recruitment of nitric oxide and cGMP, and if such effects can be blocked by cGMP-PKG inhibitors. Increased cGMP in REM sleep would also explain why muscle twitches are preserved in this state because these excitatory events are produced by glutamatergic non-NMDA receptor mechanisms (73) , and responses to non-NMDA receptor stimulation with AMPA were unaffected by IBMX and cGMP ( Figure 6 ). Such interactions between cGMP and responses to 5-HT and phenylephrine at the HMN are potentially of significant clinical relevance because although pharmacologic strategies aiming to increase 5-HT at pharyngeal motoneurons have shown some beneficial effects in patients with OSA, these effects are largely observed in non-REM sleep with minimal effects in REM sleep (22-24, 27, 30, 45-47) .
Conclusions
The results of the present study show that modulation of cAMP at the HMN alters GG activity across sleep-wake states, a result relevant to basic mechanisms of pharyngeal motor control. Targeting intracellular mechanisms also opens up potential new pharmacologic strategies to increase pharyngeal muscle activity in sleep relevant to OSA. In the long-term, such strategies may also include the opportunity for more selective delivery of drugs to those respiratory motoneurons innervating pharyngeal muscles while avoiding systemic approaches that are nonselective and dispersive throughout the central nervous system. Such potential future strategies may include topical application of agents engineered for retrograde transport to pharyngeal motoneurons, with such technology already in development for other more severe, although less common, clinical disorders involving the somatic muscles (74) (75) (76) , including respiratory muscle (77, 78) . While production of long-term increases (i.e., several hours) in pharyngeal motor activity via modulation of intracellular signal transduction mechanisms are relevant to OSA, such strategies have to be tempered by the possible interactions between intracellular pathways-for example, documented influences on the responses to 5-HT and phenylephrine as observed in this study. Appropriate in vivo testing, therefore, of pharmacologic strategies aiming to modulate pharyngeal muscle activity needs to be performed with this caveat in mind.
